Photovoltaic technology holds promise towards sustainable power generation, it being pollution free and using freely available solar energy. This paper presents the modeling, control and design analysis of a singlephase grid-interactive photovoltaic system with active filter functions. The main focus of this paper is to control the active power supplied by the photovoltaic distributed generation system while compensating harmonics and reactive currents caused by the nonlinear loads using shunt active power filter. Thus the same inverter is utilized as power converter to inject the power generated from the photovoltaic to the grid and to act as active power filter to compensate load current harmonics and load reactive power demand. The designed controller either regulates the power flow between the photovoltaic and the grid or works as an active power filter when solar energy is not available or performs both the functions simultaneously. Simulation in MATAB is carried out and results are obtained for different operating conditions with varying solar insolation and varying load demands to prove the effectiveness of the entire system.
Introduction
The increasing power demand, advancement in technology and environmental concerns are leading to increased interconnection of distributed generators to the utility grid. Distributed generation (DG) is an alternative that is gathering momentum, and alternative energy sources such as photovoltaics (PV) are likely to play an increasing role in meeting ever-increasing power demands [1] , [2] .
Solar energy is one of the major renewable energy sources and is available everywhere in varied quantities. PV panels do not have any moving parts, operate silently and generate no emissions. Another advantage is that PV technology is highly modular and can be easily scaled to provide the required power [3] , [4] .
To interface the PV to the grid, a power conditioning interface between the PV and grid is required to match the characteristics of PV and the requirements of the grid connections such as voltage, frequency, active and reactive power control, harmonic minimisation etc. The connection of the PV array to the grid is usually made with a voltage source inverter (VSI), and it may include intermediate dc-dc converter, a transformer, or even both. The presence of a dc-dc converter allows the PV panels to operate over a wider voltage range, with a fixed inverter dc voltage and a simplified system design. However, the dc-dc converter increases the cost and decreases the conversion efficiency at most operating points [5] . Transformerless and high frequency-transformer topologies are preferred for avoiding bulky low-frequency transformer but are usually limited to single-phase connections with powers of up to a few kWs. PV systems including a line-frequency transformer prevails in higher power three-phase systems, ranging from few tens of kWs up to MW power ratings [6] , [7] .
Harmonis and reactive power requirement of nonlinear loads results in serious power quality problems in the ac network. The shunt active power filter (SAPF) based on current controlled pulse width modulated (PWM) VSI is most effective even for highly non-linear loads [8] . Various frequency-domain methods based on Fourier transform and time-domain methods based on instantaneous reactive power (p-q) theory, synchronous reference frame (d-q) theory, instantaneous active-reactive current (i d -i q ) theory, have been developed for reference signal estimation [9] . Singh et. al. [10] have proposed a novel control strategy where the grid interfacing inverter is utilised to inject real power generated from renewable energy source to the grid and/or operate as shunt active power filter. Wu et. al. [11] , Mastromauro et. al. [12] , and Wu et. al [13] have presented a photovoltaic inverter system that can perform both active power filtering and real power injection to the grid. Sung et. al. [14] and Schonardie and Martin [15] proposed dq0 based control of a three-phase grid-connected PV system with APF functions. However, these methods of control need large number of transformation, and thus, are complicated to implement.
With the objective of reducing the cost and increasing the efficiency, a single-stage, single-phase, gridinteractive PV system which includes the functionality of SAPF has been proposed in the paper. It provides a simple topology with high efficiency. However, all the control objectives such as the maximum power point tracking (MPPT), synchronization with the utility voltage and harmonics reduction for output current is considered simultaneously, thus the complexity of the control scheme is much increased. The proposed PVDG system consists of PV panels connected to the dc-link of grid interfacing inverter. The inverter is actively controlled in such a manner that it supplies active power from the PV to the grid. If the load connected at the point of common coupling (PCC) is non-linear, the given approach compensates the harmonics as well. Thus the grid interfacing inverter is effectively used to compensate the load reactive power and current harmonics in addition to active power injection from the PV to the grid.
Photovoltaic Model
The single-diode equivalent circuit of an ideal PV cell as shown in Fig. 1 (a) is represented by a current source I g and a diode in parallel with the current source. The current source models the photon-generated electron-hole pairs under the influence of the built-in field. The diode models the diffusion of minority carriers in the depletion region. The I-V characteristic of an ideal PV cell can be described by Eq. 1. 
where and are the terminal current and voltage of the PV cell, is the current through the diode. The current is replaced by the Shockley diode equation. is the diode ideality factor to account for the effect of recombination in the space-charge region and depends on the PV device type. is the diode reverse saturation current, and is the inverse thermal voltage defined as:
Here is the Boltzmann's constant, is the electron charge, is the p-n junction temperature. The equivalent circuit of a practical PV cell as shown in Fig. 1 (b) also includes a series resistance and parallel resistance . represents the structural resistance of the PV cell. models the leakage current of the p-n junction and depends upon the fabrication method of the PV cell. The I-V characteristic of a practical PV cell is described by Eq. 3.
is the current through . The PV module is composed of a parallel connection of strings of panels to ensure adequately large power. In turn, to ensure an adequately large dc voltage, each string consists of a number of PV panels connected in series , open circuit voltage temperature coefficient , short circuit current temperature coefficient and the maximum output power, . The light generated depends on solar irradiance G and junction temperature . In the short circuit condition can be expressed as:
depends only on and can be expressed as:
The I-V characteristic of the PV device depends upon the internal characteristics of the device ( ) and on external influences such as irradiation level and temperature .
The irradiance contributes to the modules current, the higher irradiance the higher current generates by the module, while the temperature makes effect to the cell's voltage; the higher temperature the lower voltage appears on the PV terminal. The I-V and P-V characteristic of a PV module can be determined for a given radiation level G and ambient temperature T using the following relations:
indicates PV module open circuit voltage and the PV module short-circuit current, corresponding to G and T, respectively.
The rating of a PV module is estimated by the maximum power produced by a module at STC. The power output from a PV array, containing in series and in parallel PV modules, can be calculated as (10) Fill factor (FF) depends on the material of PV module, and is given by the following relation:
The modeled PV array is a 15×5 seriesparallel matrix of 0.2 kW PV module. Thus the PV module array rating is 14.3 kW. The short-circuit current is 8. 21 A The open-circuit voltage is 493.5 V (from 15 times 32.9 V in the single module).
Maximum Power Point Tracking
The tracking of MPP of a PV array is an essential part of PV system. A number of MPPT methods have been developed which differ with each other in terms of complexity, convergence speed, effectiveness, sensors required, cost, hardware implementation etc. The problem considered by MPPT techniques is to automatically find the voltage or current at which the PV array should operate to obtain the maximum power output under a given temperature and solar irradiation and thus continuously tune the photovoltaic energy system so that it draws maximum power from the solar array regardless of weather or load conditions [16] . Many tracking algorithms and techniques have been developed. The Perturb and Observe method and the Incremental Conductance method, as well as variants of those techniques are the most widely used.
The Perturb and Observe (PnO) method is known for its simple implementation, but it deviates from and oscillates around the MPP, since the system must be continuously perturbed in order to detect the MPP. Furthermore, the PnO method oscillates close to the MPP, when atmospheric conditions are constant or slowly changed; however, when weather rapidly changes, the PnO method fails to track the MPP effectively [17] , [18] .
The Incremental Conductance (IC) method has good accuracy and efficiency. This method tracks the MPP of the PV module by comparing incremental conductance with instantaneous conductance. As a result, under rapidly changing atmospheric conditions, this method performs well, but the response time for finding the MPP is increased due to the relatively complex computations required by the control algorithm. Its implementation is expensive. Therefore, it loses cost efficiency for smallscaled PV applications [19] [20] . Fig. 3 shows the flowchart for the MPPT algorithm used. In this method, periodic incremental or decremental perturbations are imposed on the PV system output voltage and the resulting power output is compared with the value in the last perturbation cycle. If the changes in the power and voltage at and ( ) are of the same polarity, i.e. if ⁄ is greater than zero, then the MPPT scheme continues to change the voltage in the same direction as that in the last cycle otherwise the voltage is changed in the opposite direction for the next cycle. Fig. 4 (a) shows the proposed single-phase single-stage grid-interfaced PV system. H-Bridge CC PWM-VSI is used to interconnect the PV system to the utility grid for power flow and power quality control purposes. A dc-link capacitor on the dc-side of the VSI acts as an energy buffer and maintains a stable dc voltage for the converter in the steady state condition [21] .
The grid-interfacing inverter with ac-side voltage is connected to the PCC with voltage through a coupling impedance . The ac-side voltage of the inverter is controlled both in magnitude and phase to control the active and reactive power flow between the PV and the grid. The active power P and reactive power Q flow from PV to the PCC can be given by (12)
where is the inverter modulation index. The grid-interface/SAPF inverter control circuit of proposed PV system is shown in Fig. 4 (b) The inverter consumes a small amount of active power to maintain the dc-link voltage and to overcome the losses associated with the inverter. The losses in the inverter are because of the switching loss in the devices, iron and copper losses in the circuit components, etc. Discrete PI controller is used to maintain a constant dc-link voltage under varying conditions. Thus inverter loss power can as expressed as: 
The active power supplied by the grid can be given as: (15) where is the load active power, is the active loss power of the inverter and is the active power supplied by the PV array.
is positive when both grid and PV supply power to the load.
is negative when the PV supply power to the load as per the load requirement and rest of the power is supplied to the grid. The active power supplied by the source can be written as,
and are the peak value of fundamental component of PCC voltage and grid current respectively. The peak value of the desired source currents after compensation can be obtained as: (17) where for unity power factor operation. The multiplication of peak value of the desired source current with unity grid voltage generates the reference grid current ( ).
A low pass filter is used to filter out the high frequency components in the PCC voltage. The grid synchronising angle obtained from phase lock loop is used to generate unity grid voltage.
( ) (18) The reference current is compared with the load current to get the compensating current ( ).
( ) ( ) ( )
This compensating current is given to hysteresis controller to generate PWM pulses to switch the gate drives of gridinterfacing inverter.
Simulation Results
The PV power circuit is developed as per Fig. 4 (a) and the PV inverter control circuit as per Fig. 4 (b) . Table I shows the parameters used for circuit simulation. The grid voltage is taken as non-sinusoidal with THD of 21.68% generated by adding a 5th harmonic voltage source of 250 Hz in series with 50 Hz source. An uncontrolled dioderectifier with series resistive -inductive non-linear load is connected at PCC. Initially the inverter connecting the PV array to the grid is switched off. In this case the grid is supplying the active, reactive and harmonic power to the non-linear load at PCC. Hence the grid current is highly distorted. At t = 0.1s, the inverter connecting the PV array to the grid is switched on, however, there is no power generation from the PV array (either the PV panels are un-operational or the solar insolation is negligible). Thus the grid interfacing inverter is operating as a SAPF. Thus, with no PV generated power, the inverter consumes a small amount of active power from the grid to overcome the losses associated with the inverter and to maintain the dc-link voltage while most of the load reactive and harmonic power is provided by inverter. Fig. 5 shows the grid, load and PV inverter active powers ( ) and the grid, load and PV inverter reactive powers ( ) when the power supplied by the PV array is zero. Before t = 0.1 s, when the inverter is switched off, , thus, i.e. the entire load power demand is provided by the grid. From the figure it is clear that after the inverter is switched on at t = 0.1 s, the PV inverter consumes a small amount of active power from the grid. The grid continues to supply the active power to the load but most of the load reactive power is now provided by the inverter. ) and reactive powers ( ) during start-up when PV generated power is zero.
The PCC voltage , load current , grid current , inverter output current and dc-link voltage is shown in Fig. 6 (a) . Fig. 6 (b) shows the PCC voltage and grid current simultaneously. Initially the reactive power demand of the load connected at PCC is provided by the grid and hence the grid voltage and current are not in phase with each other. At t = 0.1 s, when the inverter is switched on, the PCC voltage and grid current become in phase with each other. Further, the grid current becomes perfectly sinusoidal in nature. With supply voltage distortion of 21.68%, the grid current has THD of 19.36% before compensation (before inverter is switched on) and a THD of 3.55% after compensation (after inverter is switched on) with PCC load current THD of 19.33%. The input power factor has been improved to 0.999 after compensation. Thus the grid interfacing inverter is simultaneously utilised to inject the power generated from PV to PCC and to improve the power quality at PCC. The PV supply active and reactive power to the PCC loads as per the load requirement and rest of the active power is injected to the grid. The dc-link voltage drops down from open circuit voltage of 493.5 V to maximum power point voltage of 380 V. Fig. 7 (a) shows the PCC voltage , load current , grid current , inverter output current and dc-link voltage . Fig. 7  (b) shows the PCC voltage and grid current simultaneously. Before t = 0.2 s, the grid is supplying the active power to the load connected at PCC and hence the PCC voltage and grid current are in phase with each other. At t = 0.2 s, when PV starts generating power, there is a 180-degree phase shift between the PCC voltage and grid current which suggests that the additional power from the PV is fed to the grid at unity power factor. The grid current THD is reduced to 3.20% with PCC voltage distortion of 21.68% and PCC load current THD of 19.36%. Thus the grid-interfacing PV inverter is simultaneously performing both the functions of active power filtering for non-linear load connected at PCC and PV active power injection to the grid. The solar insolation is gradually increased from 0.7 kW/m 2 to 1 kW/m 2 between times t = 0.5 s to t = 0.6 s. The PCC voltage , load current , grid current , inverter output current and dc-link voltage is shown in Fig. 8 . From the figure it can be seen that the grid current increases with increase in solar insolation, tracking the maximum power point, the dc-link voltage remaining the same only with a slight variation.
The solar insolation is gradually decreased from 1.0 kW/m 2 to 0.5 kW/m 2 between times t = 0.9 s to t = 1.0 s. The PCC voltage , load current , grid current , inverter output current and dc-link voltage is shown in Fig. 9 . From the figure it can be seen that the grid current decreases with decrease in solar insolation, tracking the maximum power point, the dc-link voltage approximately remaining the same. The THD of the load current is 18.86% while the grid current THD is 1.55%. The PCC voltage , the varying load currents , the grid current and the compensating current for times t = 1.3 s to t = 1.55 s are shown in Fig.  10 . The results confirm good dynamic performance of the control for change in non-linear load. Fig. 11 shows the grid, load and PV inverter active powers ( ) and the grid, load and PV inverter reactive powers ( ) from time t = 0.2 s (when PV starts generating power) to t = 2.0 s with finite varying PV power and variation in PCC load. 
. Conclusion 6
This paper presents the simulation results for gridinteractive PV system with embedded active filter functions under conditions of varying insolation and varying load demand. The features of SAPF have been incorporated in the inverter interfacing the PV to the grid. Thus a common inverter with the proposed control is utilised to inject active power generated from PV to the PCC and also to operate as SAPF. The results show that the voltage source inverter not only injects active power at the point of common coupling but also compensates load reactive power and maintains a sinusoidal current from/to grid thus proving the effectiveness of the proposed control in harmonic reduction and power factor correction. After compensation, the grid current is sinusoidal and in-phase with grid voltage. The THD in the grid current is well within the IEEE 519-1992 recommended limits. Fig. 12 . Solar insolation G, PV array output/dc-link voltage , PV array output current and PV array output power . 
